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Multiple-effectAbstract A thermal distillation system utilizing a part of the thermal energy of biomass burned in
a stove during cooking is proposed. The thermal energy is transported from the stove to the distiller
by means of a heat pipe. The distiller is a vertical multiple-effect diffusion distiller, in which a num-
ber of parallel partitions in contact with saline-soaked wicks are set vertically with narrow gaps of
air. A pilot experimental apparatus was constructed and tested with a single-effect and multiple-
effect distillers to investigate primarily whether a heat pipe can transport thermal energy adequately
from the stove to the distiller. It was found that the temperatures of the heated plate and the first
partition of the distiller reached to about 100 C and 90 C, respectively, at steady state, showing
that the heat pipe works sufficiently. The distilled water obtained was about 0.75 and 1.35 kg during
the first 2 h of burning from a single-effect and multiple-effect distillers, respectively.
 2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Many people in the world are suffering from a shortage of san-
itary fresh water for drinking and cooking. To solve the prob-
lem, large scale desalination plants, such as RO and MSF,
have been constructed in many countries. However, many peo-
ple who live in remote areas do not have access to fresh water
from such plants. Therefore, solar stills, in which saline water
is evaporated by solar energy and water vapor is condensed to
get sanitary fresh water, have been widely studied in order to
supply drinking water to such areas. Solar stills have a simple
structure and are usually designed so that they are able to be
constructed using locally available materials. However, theproductivity of solar stills is generally very small since the
energy density of solar energy is very small compared to other
energy sources such as fuel or electricity. This may be one of
the biggest disadvantages of the solar stills.
People who cannot access a water infrastructure also often
use biomass energy, such as wood or agricultural residues, for
cooking. In fact, about half the world’s population relies on
biomass energy for cooking [1]. Therefore, it would be attrac-
tive to make a device which can supply sanitary fresh water by
utilizing a part of the thermal energy of biomass burned during
cooking.
Rajan et al. [2] proposed a basin type solar still integrated
with a biomass boiler. Biomass was burned in the boiler and
the thermal energy was used to heat up saline water in the
basin. It was found that the distillate productivity of the still
can be increased by integrating it with the biomass boiler.
2204 H. TanakaTo get safe drinking water, WAter DIsinfection Stove
(WADIS) was studied [3]. WADIS uses a Lorena-stove design
and a simple flow-through boiling water-treatment system. It
was reported that thermotolerant coliforms of 87,600/100 ml
in contaminated drinking water can be eliminated completely
by WADIS in the experiments. However, saline or muddy
water that contains salt or mud cannot be treated by WADIS
since salt or mud cannot be extracted by a flow-through boil-
ing water-treatment system.
In this paper, a thermal distillation system utilizing a part
of thermal energy of biomass burned in the stove by means
of a heat pipe is introduced. Saline or muddy water can be
treated with the thermal distillation system. A pilot experimen-
tal apparatus was constructed and the experiments were per-
formed with single-effect and multiple-effect distillers to
investigate whether the heat pipe can transport thermal energy
adequately from the stove to the distiller and fresh water can
be obtained by the thermal distillation system. Here, it should
be noted that thermal energy of the biomass burned in the
stove is used primarily for cooking, and the distiller uses a part
of the energy to distill water.
2. Thermal distillation system
A schematic diagram of a thermal distillation system utilizing a
part of the thermal energy of biomass burned in a stove by
means of a heat pipe is shown in Fig. 1. The thermal distilla-
tion system consists of a stove, a distiller and a heat pipe con-
necting the stove and the distiller. A heat pipe is used to
transport thermal energy from the stove to the distiller. The
stove is a rocket elbow stove which has good combustion effi-
ciency, but the thermal distillation system in this study is appli-
cable to other types of stove if the boiling pipe of heat pipe can
be heated by the stove.
The heated part of heat pipe (or boiling pipe), made up of
concentric helical coils, is inserted into the combustion cham-Rocket stove
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Figure 1 Schematic diagram of the prber of the stove. A part of the thermal energy from biomass
burned in the stove during cooking heats and boils the working
fluid in the boiling pipe of the heat pipe. Generated vapor of
working fluid moves to a heat rejection part (or condensing
pipe) of the heat pipe attached to the front surface of the
heated plate of the distiller and condenses here to release ther-
mal energy to the distiller.
The distiller is a vertical multiple-effect diffusion distiller
which consists of vertical and parallel partitions in contact
with saline-soaked wicks. Vertical multiple-effect distillers
have been studied in which solar energy [4–9] or waste heat
from a small portable electric generator [10] is utilized as a heat
source for the distiller. Saline water is constantly fed to the
wicks. Saline water in the wick attached to the rear surface
of the heated plate is heated and evaporates using thermal
energy transported from the stove by the heat pipe. Vapor
from the wick of the heated plate diffuses through a humid
air layer, and condenses on the front surface of the first parti-
tion resulting in fresh water. The latent heat of condensation
contributes to further evaporation of saline water in the wick
attached to the rear surface of the first partition. In this way,
the thermal energy absorbed on the heated plate can be utilized
several times in the distiller.
3. Experimental setup
A snapshot and schematic diagram of the experimental setup
of a single-effect distiller are shown in Figs. 2 and 3. The stove
used on the experiments was a rocket elbow stove, about
560 mm high and about 300 mm in diameter. The stove had
an L-shaped combustion chamber, about 380 mm long, about
500 mm high and about 120 mm in diameter, made of stainless
steel. The combustion chamber was insulated with pumice
stones. The heat pipe was made of copper tubing, 12 mm in
inner diameter by bending and welding it. For ease of
construction, the boiling pipe of the heat pipe was not insertedConnecting
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Figure 2 Snapshot of the experimental setup of the single-effect distiller.
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Figure 3 Schematic diagram of the experimental setup of the
single-effect distiller.
Thermal distillation system utilizing biomass energy 2205into the combustion chamber but placed over it. The boiling
pipe of heat pipe was concentric helical coils with three turns
and coil gaps of about 10 mm, and the helical coil diameterwas almost the same as the diameter of the combustion cham-
ber (120 mm). The condensing pipe of heat pipe was winding
copper tubing as shown in Fig. 4, and was attached to the front
surface of the heated plate (1-mm-thick copper plate) with heat
transfer compounds (‘‘Thermocon E”, Sakaguchi E.H. VOC).
The front surface of the heated plate and the condensing pipe
of heat pipe were insulated with glass wool about 50 mm thick.
The boiling and condensing pipes were connected by two con-
necting pipes about 0.5 m long. Each connecting pipe was insu-
lated with about 10 mm of insulation material.
First, the experiments were performed with a single-effect
distiller which uses only one partition so that evaporation
and condensation process occur only once. This was in order
to investigate whether a heat pipe can transport thermal energy
adequately from the stove to the distiller. After that, a
multiple-effect (4-effect) distiller was tested. For the single-
effect distiller, a glass plate (5 mm thick) was used as the first
partition to allow observation of the evaporating and condens-
ing surfaces. For the multiple-effect distiller, stainless steel
plates (0.5 mm thick) were used as the partitions. The area
of both the heated plate and partitions was about 0.23 m2
(0.49 m in height and 0.47 m in width). The wet wick (cotton
flannel about 0.5 mm thick) was attached to the rear surfaces
of the heated plate and the partitions except for the outermost
one by capillary force. The diffusion gap between the heated
plate and the first partition was set at about 10 mm for the
single-effect distiller by sandwiching the acrylic plastic rods
at both side edges and clamping the distiller. The diffusion
20
40
60
80
100
0
200
400
600
800
0 20 40 60 80 100 120
Te
m
pe
ra
tu
re
 o
f h
ea
te
d 
pl
at
e 
an
d 
fir
st
 p
ar
tit
io
n,
 o C
Te
m
pe
ra
tu
re
 o
f c
om
bu
st
io
n 
ch
am
be
r, 
o C
D
is
til
la
te
 p
ro
du
ct
iv
ity
, g
/h
ou
r
Distillate productivity
Combustion chamber
Heated plate First partition
Time, min
Figure 5 Temperatures over time of the combustion chamber,
the heated plate and the first partition and distillate productivity
after the fire began to burn for a single-effect distiller.
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Figure 4 Size and configuration of the condensing pipe of the
heat pipe and positions of thermocouples for the heated plate.
2206 H. Tanakagaps between the heated plate and the first partition and
between the partitions for the multiple-effect distiller were set
at about 12 mm. A urethane form bar was sandwiched at the
upper edge of each diffusion gap to prevent vapor leakage.
A channel to collect the condensate was placed at the bottom
of each partition. An overhead tank and capillary tubes were
used to feed water to the wick.
The temperature of the heated plate was measured at 9
points as shown in Fig. 4 with T-type thermocouples glued
onto the wick-side surface of the heated plate. For the experi-
ments using a single-effect distiller, the temperature of the first
partition at the center was measured with T-type thermocou-
ples glued onto the outer surface of the first partition. The tem-
perature of the combustion chamber was measured with K-
type thermocouples just above the boiling pipe of the heat
pipe. Thermocouples were connected to a digital multimeter
(GL450, Graphtec Co.) whose accuracy was ±0.1%, and tem-
peratures were recorded by PC. Ambient air temperature was
measured with an alcohol thermometer whose accuracy was
about ±1 C. The inner pressure of the heat pipe was mea-
sured with a vacuum pressure gage. Distillate from the parti-
tions was measured with a digital balance (UX4200H,
Shimadzu Co.) whose accuracy was ±0.1 g.
The experimental procedure is as follows: a constant mass
of distilled water was charged into the heat pipe as working
fluid, and the heat pipe was sufficiently evacuated using a vac-
uum pump to remove the air contained in the distilled water.
Tap water instead of saline water was constantly fed to the
wicks, and the feeding rate of the tap water to each wick was
determined to be about twice as much as the evaporation rate
from the wick at a steady state. The feeding rate of the tap
water was controlled by adjusting the length of capillary tubes
and/or the height of the water head of an overhead tank. After
that, wood was burned in the stove. The temperatures of the
heated plate, the first partition and the combustion chamber
were recorded with a digital multimeter with a recordinginterval of 1 s. The amount of distilled water obtained from
the partitions was measured with a recording interval of
12 min. The mass of wood was also measured before feeding
it into the stove.
The measurement errors for the temperatures of the heated
plate and the first partition are estimated to be about ±0.1 K,
and that of the combustion chamber is estimated to be about
±1 K, respectively, due to inaccuracy of the thermocouples
and the digital multimeter. The measurement error of the dis-
tillate productivity is estimated to be about ±1% due to inac-
curacy of the digital balance and the experimental procedure.
4. Results
The experimental results from the single-effect distiller are
shown in Fig. 5. The temperature variations over time in the
combustion chamber, the heated plate and the first partition
as well as the distillate productivity obtained from the first par-
tition starting from immediately after combustion are shown.
Here, the temperature of the heated plate is shown as the mean
temperature of those measured at 9 points shown in Fig. 4. The
temperature of the heated plate and the first partition are
shown in left axis, and one of the combustion chamber is
shown in right axis, respectively, since the temperature of the
combustion chamber (about 800 C at maximum) was consid-
erably higher than other temperatures (about 100 C at maxi-
mum). After starting the fire, the temperature of the
combustion chamber rapidly increased to about 600 C in
about 10 min, and fluctuated from about 500 C to about
800 C after 10 min since it was difficult to maintain a constant
fire in the combustion chamber and the wood was fed to the
combustion chamber intermittently. Here, dried Japanese
cedar was burned in the stove and roughly 0.3 kg of dried
Japanese cedar was fed to the combustion chamber about
every 10 min. The temperatures of the heated plate and the
first partition also increased to about 90 C and 80 C, respec-
tively, in the first 20 min, and reached a plateau after 60 min.
The distillate productivity increased to about 400 g/hour in
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Figure 7 Distillate productivity over time obtained from each
partition of a multiple-effect distiller starting from when the fire
began to burn.
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Thermal distillation system utilizing biomass energy 2207the first 40 min and reached a plateau after that. The delays of
increase in temperatures of the heated plate and the first parti-
tion and distillate productivity compared to the temperature
increase in the combustion chamber are due to the heat capac-
ity of both the heat pipe and the distiller. As shown in Fig. 5, it
was found that the thermal energy can be transported ade-
quately by the heat pipe from the stove to the distiller, and dis-
tilled water can be obtained by the proposed thermal
distillation system.
Fig. 6 shows the variations over time of distillate productiv-
ity and cumulative distillate produced by a single-effect dis-
tiller observed in three experiments. Ambient air temperature
was almost the same for all the experiments (about 20 C).
The distillate productivity produced in all experiments showed
similar trend and steady-state distillate productivity was about
7.5 g/min. The cumulative distillate was about 0.7 to 0.8 kg in
2 h. However, the time required for cooking would be much
shorter than 2 h; thus, the distillate productivity from a
single-effect distiller would not be sufficient.
The variation over time of the distillate productivity on
each partition of a multiple-effect (4-effect) distiller is shown
in Fig. 7, and the cumulative distillate in 2 h on each partition
is shown in Fig. 8. Here, overall cumulative distillate (Total) is
shown in 1/2 scale in Fig. 8. The distillate productivity on each
partition increases first and evens out, just as for the single-
effect distiller. However, it took more time to even out for
the outer partitions, i.e. about 40 min for the first partition
(p1) and 70 min for the last (p4) partition, due to heat capacity.
The distillate productivity and the cumulative distillate are
greatest on the first partition (p1) and rapidly decrease for
the outer partitions, since the mean temperature of the evapo-
rating and condensing surfaces decreases and the thermal
energy which goes through the distillation cell decreases due
to heat loss consumed to heat up water fed to the wicks. Fur-
ther, it took more time for distillate productivity to even out
for the outer partitions. However, the cumulative distillate of
a multiple-effect still can be about twice as much as from a
single-effect still, and would be about 1.35 kg in 2 h.0
2
4
6
8
10
0
100
200
300
400
500
600
700
800
0 20 40 60 80 100 120
D
is
til
la
te
 p
ro
du
ct
iv
ity
, g
/m
in
C
um
ul
at
iv
e 
di
st
ill
at
e,
 g
Distillate productivity
Cumulative distillate
Time, min
Figure 6 Distillate productivity and cumulative distillate over
time starting from when the fire began to burn using a single-effect
distiller and observed for three experiments.
0
p 1 p 2 p 3 p 4 Total/2
Figure 8 Cumulative distillate from each partition of a multiple-
effect distiller in the first 2 h of burning.Gloss heating value of biomass used in the experiments
(dried Japanese cedar) was not measured; however, its com-
mon value of the gloss heating value is known as about
15 MJ/kg. In the experiments, about 3.6 kg of dried Japanese
cedar was burned in the stove in 2 h, and the cumulative distil-
late in 2 h was about 0.8 kg for a single-effect still and 1.35 kg
for a multiple-effect (4-effect) still. Therefore, the thermal
energy burned in the stove was about 54 MJ for each experi-
ment and about 1.84 MJ and 3.11 MJ of energy were utilized
to distilled water in the single-effect and multiple-effect stills,
respectively, considering that the latent heat of evaporation
of water is about 2.3 MJ/kg. The ratio of the thermal energy
utilized to distilled water to the energy of biomass burned in
the stove is seemed to be very little. This is because that, as
mentioned above, the objective of this study was to utilize a
part of biomass energy to distill water, and the thermal energy
of biomass is assumed to be mainly used for cooking.
2208 H. TanakaThe amount of overall cumulative distillate could be
increased by some modifications such as adjusting feeding rate
of saline water to the wicks, decreasing the diffusion gaps,
increasing the number of partitions, and so on. Further exper-
iments as well as numerical analysis will be performed to
improve the distillate productivity of the proposed thermal dis-
tillation system.
5. Conclusions
A thermal distillation system utilizing a portion of the thermal
energy from biomass burned in a rocket stove and transported
by means of a heat pipe was proposed. A pilot experimental
apparatus was constructed and tested with both single-effect
and multiple-effect distillers to investigate whether the heat
pipe portion of the distillation system can transport thermal
energy adequately from the stove to the distiller and whether
distilled water can be obtained using thermal energy trans-
ported by the heat pipe. The results of this work are summa-
rized as follows:
1. After the biomass began to burn, the temperature of the
combustion chamber increased to approximately 600 C
in about 10 min, and the temperatures of the heated plate
and the first partition of the distiller increased to approxi-
mately 90 C and 80 C, respectively, in about 20 min. This
shows that the heat pipe in the distillation system can trans-
port thermal energy adequately from the stove to the
distiller.
2. For a single-effect distiller, the steady-state distillate pro-
ductivity was about 7.5 g/min and the cumulative distillate
was about 0.7–0.8 kg in the first 2 h of burning.
3. The overall cumulative distillate of a multiple-effect
(4-effect) distiller was approximately 1.35 kg in the first
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